Abstract. Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a member of the subtilisin family of PCs that encodes a neural apoptosis-regulated convertase 1. However, the precise role of PCSK9 in lung cancer cell apoptosis has remained elusive. In the present study, A549 human lung adenocarcinoma cells were transfected with PCSK9 small interfering (si)RNA to investigate the underlying mechanisms of apoptosis. The results indicated that PCSK9 siRNA exhibited anti-tumor activity by inducing apoptosis as determined by a Cell Counting Kit-8 and Hoechst staining analysis. In addition, PCSK9 siRNA significantly increased apoptosis of A549 cells in part via activation of caspase-3 and downregulation of the anti-apoptotic proteins survivin and X-linked inhibitor of apoptosis protein. Moreover, the results demonstrated that perturbations in the mitochondrial membrane were associated with the deregulation of the Bax/Bcl-2 ratio, which led to the release of cytochrome c after PCSK9 siRNA transfection. In addition, PCSK9 siRNA also induced endoplasmic reticulum stress (ERS) by increasing the levels of 78 kDa glucose-regulated protein (GRP78), GRP94, phosphorylated protein kinase R-like ER kinase and phosphorylated eukaryotic initiation factor 2α. Therefore, these results demonstrated that PCSK9 siRNA may exert its anti-tumor activity through inducing mitochondrial dysfunction and ERS-associated cell death in A549 cells.
Introduction
Lung cancer is a disease that severely threatens human health and its incidence shows yearly increases (1) . Lung cancer accounts for the highest number of cancer-associated mortalities in women and men worldwide (2) . Metastasis and recurrence are the primary cause of death in patients with lung cancer, and almost 90% of lung cancer patients succumb to tumor metastasis (3) . Unrestricted proliferation of cancer cells leads to tumor enlargement and subsequent compression on peripheral organs. Inhibition of tumor cells is an effective measure of treating malignant tumors. Although chemotherapy is an important component of the first-line therapies for lung adenocarcinoma (LAD), chemoresistance represents a predominant obstacle towards chemotherapeutic treatment of LAD. Induction of apoptosis has been found to be an effective means of treating cancer, including non-small-cell lung cancer (4) . Therefore, in-depth study of the molecular mechanisms of lung cancer cell proliferation and apoptosis is necessary.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) belongs to the family of PCs and encodes a neural apoptosis-regulated convertase 1 (5) . PCSK9 was recently discovered to have two major biological functions: Maintenance of plasma lipid homeostasis by regulation of low-density lipoprotein receptors and regulation of neuronal apoptosis (6) (7) (8) . Gain-and loss-of-function mutations in the PCSK9 gene are associated with hyper-and hypocholesterolemia, respectively (9) (10) (11) . Therefore, PCSK9 inhibition is used as a promising therapy to treat hypercholesterolemia (12) . PCSK9 is also involved in numerous biological processes. Microarray studies showed that overexpression of PCSK9 leads to the dysregulation of numerous pathways, including those regulating the cell cycle, apoptosis and inflammation (13, 14) . In vivo studies also suggested that PCSK9 is implicated in these processes (15, 16) . Sun et al (17) demonstrated that PCSK9 deficiency reduced liver metastasis by its ability to lower cholesterol levels and possibly by enhancing tumor necrosis factor α-mediated apoptosis.
As biological processes such as cell cycle and proliferation are modified in cancer, the present study hypothesized that PCSK9 may regulate cancer cell apoptosis. To the best of our knowledge, no studies regarding the possible role of PCSK9 in the development of lung cancer are available. The aim of the present study was to identify the function of PCSK9 during apoptosis of lung cancer cells. Cell culture and RNA interference. The A549 human LAD cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were routinely grown in RPMI-1640 medium (Hyclone; GE Healthcare, Chalfont, UK) containing 10% fetal bovine serum (FBS; Hyclone), 100 U/ml penicillin (Sigma-Aldrich, Merck-Millipore, Darmstadt, Germany) and 100 µg/ml streptomycin (Sigma-Aldrich) at 37˚C in a humidified atmosphere containing 5% CO 2 . The medium was replaced every 2-3 days and upon reaching 80% confluence, they were passaged at a 1:2 ratio. A549 cells were transfected with 100 nM PCSK9 siRNA (cat. no. sc-45482; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; Genbank ID for PCSK9: NM_174936) or control siRNA (scrambled siRNA, a universal negative control; cat. no. sc-37007; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) with GeneSilencer siRNA transfection reagent (Genlantis, San Diego, CA, USA), according to the manufacturer's instructions. At 48 h after transfection, the efficiency of siRNA-mediated PCSK9 knockdown was determined by western blot analysis.
Cell proliferation assay. A549 cells were seeded into each well of a 96-well plate at a density of 5x10 3 cells/well in culture medium. After 24 h incubation, cells were transfected with PCSK9 siRNA or control siRNA for 12, 24, 36 and 48 h as described above, followed by the addition of 10 µl CCK-8 solution. The cells were then incubated for 3 h at 37˚C. Absorbance was measured at 450 and 650 nm using a spectrophotometer (Nanodrop 2000 UV-VIS; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). The experiments were performed in triplicate.
Morphological analysis following Hoechst 33258 staining.
A549 cells were seeded in 24-well plates (6x10 4 cells/well) overnight and transfected with PCSK9 siRNA or control siRNA for 48 h. The cells were then fixed and stained with Hoechst 33258 in the dark at 4˚C overnight. Apoptotic cells were visualized using a fluorescence microscope (DM 6000; Leica microsystems GmbH, Wetzler, Germany).
Preparation of mitochondria and cytosol.
A mitochondria/cytosol kit (Beyotime Institute of Biotechnology) was used to isolate mitochondria and cytosol according to the manufacturer's instructions. Following the aforementioned protocol of transfection, 5x10 7 cells were collected by centrifugation at 600 x g for 5 min at 4˚C, washed twice with ice-cold PBS and then resuspended in 500 µl isolation buffer containing protease inhibitors for 10 min on ice. The cells were mechanically homogenized with a Dunce grinder. The unbroken cells, debris and nuclei were discarded by centrifugation at 800 x g for 10 min at 4˚C. The supernatants were centrifuged at 12,000 x g for 15 min at 4˚C. The supernatant containing the cytosol was collected and the pellet fraction containing the mitochondria was dissolved in 50 µl lysis buffer.
Western blot analysis. A549 cells were transfected as described above. Cells were harvested and lysed for 10 min in ice-cold lysis buffer [50 mM Tris-HCl pH 8.0, 140 mM NaCl, 1.5 mM MgCl 2 and 0.5% Nonidet P-40 with complete protease inhibitor cocktail (Roche, Mannheim, Germany)]. The lysates were further centrifuged at 12,000 x g for 15 min at 4˚C and the supernatants were then collected in new tubes. The protein concentration was measured using a bicinchoninic acid protein assay kit (Dingguo, Beijing, China). Protein samples were boiled for 5 min in the presence of 5X SDS-PAGE loading buffer. Equal amounts of proteins were subjected to 12% SDS-PAGE and then electrotransferred onto PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked for 1 h in Tris-buffered saline (25 mM Tris at pH 7.5, 150 mM NaCl and 0.05% Tween-20) containing 5% nonfat milk powder, and incubated overnight at 4˚C with the indicated antibodies. After washing, blots were incubated for 1 h at 37˚C with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies. Following further washing, the blots were revealed using the ECL Plus detection system (Thermo Fisher Scientific, Inc.) under conditions recommended by the manufacturer. Images were captured directly by the Gel 3100 chemiluminescent and fluorescent imaging system (Sage Creation Science Co., Ltd., Beijing, China). Quantification of band densities was performed using Quantity One software version 2.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with normalization to the GAPDH signal. The level of proteins of interest in the siRNA group was expressed relative to that in the control siRNA group.
Statistical analysis.
Values are expressed as the mean ± standard deviation. Differences were analyzed using Student's t-test and one-way analysis of variance to determine the level of significance. P<0.05 or 0.001 was considered to indicate a statistically significant difference. Statistical analysis was performed using SPSS 19.0 software (IBM SPSS, Armonk, NY, USA).
Results
Effect of PCSK9 on A549 cell proliferation. A549 cell proliferation was examined using a CCK-8 assay performed subsequent to transfection with PCSK9 siRNA or control siRNA. As shown in Fig. 1A , PCSK9 siRNA attenuated the increase in cell proliferation that occurred in the control siRNA-treated group. Furthermore, the cell proliferation at 48 h after transfection with PCSK9 siRNA was significantly reduced compared with that in the control siRNA group (P<0.05; Fig. 1A) . Additionally, results from western blotting indicated that PCSK9 expression was significantly decreased compared with the control siRNA group (P<0.001; Fig. 1B ). These data imply that PCSK9 siRNA inhibits the proliferation of A549 cells. PCSK9 siRNA induces apoptosis in A549 cells. In order to evaluate whether the inhibition of A549 cell proliferation by PCSK9 siRNA was associated with apoptosis, characteristic morphological changes were observed by Hoechst 33258 staining (Fig. 2) . A549 cells were transfected with PCSK9 siRNA for 48 h and morphological changes associated with apoptosis compared with the control group were observed. In the control siRNA group, nuclei of A549 cells were round and homogeneously stained ( Fig. 2A) . However, PCSK9 siRNA-transfected cells exhibited evident characteristics of apoptosis, including membrane integrity loss or deformation, cell shrinkage, nuclear fragmentation and chromatin compaction of late apoptotic appearance ( Fig. 2A) . Counting of cells with apoptotic features revealed that the percentage of apoptotic cells was significantly increased in the PCSK9 siRNA-transfected group, as compared to that in the group transfected with negative control siRNA (P<0.05; Fig. 2B ). Together, these results indicated that PCSK9 siRNA induces apoptosis in A549 cells.
PCSK9 siRNA induces apoptosis via the caspase-dependent mitochondrial apoptotic pathway.
To further assess the role of PCSK9 in A549 cell apoptosis, the expression of apoptosis-associated proteins was assessed. These included pro-apoptotic c-caspase-3, anti-apoptotic XIAP and survivin. Western blot analysis revealed that PCSK9 siRNA increased the levels of c-caspase-3 by ~17-fold (P<0.001). Conversely, the levels of XIAP and survivin were decreased by ~2.5-fold (P<0.05) and 16-fold (P<0.001), respectively, following PCSK9 siRNA transfection (Fig. 3) .
In order to better understand the molecular mechanisms by which PCSK9 siRNA exerts its pro-apoptotic effects, the protein expression of mediators of the mitochondrial signaling pathway was assessed. It was determined whether PCSK9 siRNA stimulates the release of cytochrome c into the cytosolic fraction in A549 cells. As expected, cytochrome c was re-distributed following PCSK9 siRNA transfection. The level of cytochrome c in mitochondria was significantly decreased by 50% (P<0.05, Fig. 4A) . Correspondingly, the levels of cytochrome c in cytosol were increased by 190% (P<0.05, Fig. 4B ).
Since the Bcl-2 family proteins have a critical role in regulating the release of cytochrome c, the present study then investigated the possible involvement of Bax and Bcl-2 in the process of PCSK9 siRNA-mediated A549 cell apoptosis. As shown in Fig. 4C , the level of Bax was significantly increased and Bcl-2 was markedly decreased in PCSK9 siRNA-transfected cells. Statistical analysis showed that PCSK9 siRNA increased the ratio of Bax/Bcl-2 by ~17.5-fold (P<0.05).
PCSK9 siRNA induces the activation of the ER stress pathway.
Since little is known regarding the effect of PCSK9 on ER stress in cultured LAD cells, the present study determined whether PCSK9 siRNA transfection induces ER stress. The protein levels of p-PERK and p-eIF2α, which are considered characteristic markers of ER stress, were assessed (18) . As shown in Fig. 5 , compared with those in the control siRNA group, the levels of p-PERK and p-eIF2α were significantly increased in PCSK9 siRNA-transfected cells, while total PERK and eIF2α were unchanged. The expression of GRP78 and GRP94, which serve as gatekeepers for the activation of ER stress transducers, was then assessed (18) . It was determined that the expression of GRP78 and GRP94 was significantly increased by PCSK9 siRNA transfection (P<0.05; Fig. 5 ). These results demonstrated that ER stress is at least partially involved in PCSK9 siRNA-induced apoptosis. 
Discussion
The PCSK9 gene is a member of the PC family and encodes the PCSK9 protein, also known as neural apoptosis-regulated convertase 1 (NARC1), which is involved in regulating apoptosis (5, 19) . A microarray study showed that overexpression of PCSK9 D347Y downregulated certain pro-apoptotic genes in HepG2 cells (14) . In addition, the lack of PCSK9 enhanced apoptosis during liver regeneration (15) . However, the exact role of PCSK9 during LAD cell apoptosis has remained elusive. The results of the present study indicated that PCSK9 siRNA inhibits the proliferation of A549 cells. Based on the results of Hoechst 33258 staining and western blot analysis, it was concluded that PCSK9 siRNA induces apoptosis in A549 cells. Thus, the present study provided the first evidence that PCSK9 has an anti-apoptotic effect in lung cancer cells. Values are expressed as the mean ± standard deviation (n=3). The ratio of protein/COXIV (GAPDH) in control siRNA group was assigned as '1' and the ratio of protein/COXIV (GAPDH) in PCSK9 siRNA group was assigned as proportion of control siRNA group compared to PCSK9 siRNA group. * P<0.05 vs. control siRNA. ER, endoplasmic reticulum; siRNA, small interfering RNA; PCSK9, proprotein convertase subtilisin/kexin type 9; GRP78, 78 kDa glucose-regulated protein; p-eIF2, phosphorylated eukaryotic initiation factor 2; PERK, protein kinase R-like ER kinase.
At present, induction of apoptosis is pursued as a strategy for killing cancer cells. Members of the IAP family, survivin and XIAP, contribute to apoptosis resistance of cancer cells (20) . Thus, the present study investigated whether these apoptosis-associated proteins were involved in PCSK9 siRNA-induced apoptosis. The results confirmed the regulatory role of PCSK9 in the apoptosis of A549 cells based on the following lines of evidence: PCSK9 siRNA increased the apoptosis of A549 cells by regulating the apoptosis-associated factors c-caspase-3, XIAP and survivin. The inactivation of XIAP and survivin by PCSK9 siRNA may prevent the development and progression of cancers.
It has been well documented that Bcl-2 family proteins regulate apoptosis through a variety of pathways, primarily the mitochondrial ones (21) . Bcl-2 and its homologs prevent mitochondrial membrane disruption and cytochrome c release, while Bax promotes these events. The Bax/Bcl-2 ratio is regarded as a determinant of the apoptotic status (22) . The results of the present study demonstrated that in mitochondria, the level of cytochrome c was significantly decreased, while it was increased in the cytosol, indicating the release of cytochrome c from the mitochondria into the cytoplasm through mitochondrial membrane permeability increases or rupture. Furthermore, PCSK9 siRNA increased the level of Bax and decreased the level of Bcl-2, leading to an increase in the Bax/Bcl-2 ratio. These results indicated that PCSK9 siRNA affects mitochondrial membrane stability. Taken together, these results demonstrated that PCSK9 siRNA may exert its anti-tumor activity through the mitochondrial apoptotic signaling pathway (intrinsic apoptotic pathway) in LAD cells.
Another pathway mediating apoptosis is the ER stress pathway, which may be triggered by a variety of toxic insults and ultimately leads to apoptosis (23) . ER stress has been reported to induce apoptosis in various cell types via the upregulation of protein translation mediated through the PERK-eIF2α pathway (24) (25) (26) (27) . For instance, upon ER stress, the ER chaperone GRP78 dissociates from the PERK and initiates transphosphorylation with subsequent activation of the kinase (28) . The activated PERK then leads to phosphorylation of eIF2α and subsequent expression of activating transcription factor 4 protein, which is essential for ER stress-induced apoptosis (29) . The western blot results of the present study showed that PCSK9 siRNA increased the levels of GRP94, GRP78, p-PERK and p-eIF2α, which are vital features of the unfolded protein response and indicate that PCSK9 siRNA induced apoptosis through the ER stress signaling pathway.
In conclusion, the present study supported a role of PCSK9 in regulating apoptosis A549 cells. Further study is warranted to define the exact mechanisms by which PCSK9 regulates the apoptosis and proliferation of A549 cells. Even though the present study focused on lung cancer, a PCSK9 inhibitor, initially developed to treat hypercholesterolemia (12) , may be useful in therapies directed against various types of cancer and possibly metastasis.
